Introduction
strength. 4 -11 The intensity and rate of sulphate attack Structural concrete components undergo degradation depends upon the mineralogical phases of cement, type when exposed to sulphate-bearing environments. Sea of cation (Na2S04 or MgS0 4 ) and concentration of the water, soil, and groundwater contain high concentra solution, quality of concrete and exposure conditions. tions of calcium, sodium and magnesium salts of Laboratory studies relating to sulphate attack continue sulphates. Dissolved sulphates intrude into the concrete to appear in the literature because of modifications to pore structure by diffusive or advective flow. This the physico-chemical characteristics of Portland ce causes progressive precipitation of sulphate-bearing ment, the increasing use of blending materials with phases such as ettringite and gypsum in the internal Portland cement, the controversy over the influence of micro structure of the concrete.'-3 This change leads to cement content and cement composition (i.e. C 4 AF and swelling, spalling and cracking of concrete and causes C3S/C2S ratio) on sulphate attack. In comparison with a significant reduction in the cross-sectional area of the sodium sulphate attack, magnesium sulphate attack on concrete is more severe,II,12 A characteristic feature of the magnesium ion attacks (3) The magnesium hydroxide (brucite) produced in equa tion (1) is only very slightly soluble and its saturated solution has a pH value of about 1O·5.J3 Such a low pH destabilises both ettringite and C-S-H and because of this secondary ettringite will not form. 14 Then magne sium sulphate reacts with the C-S-H as shown in equation (2) thereby producing gypsum, brucite and silica gel (SiOzHzO). This gel is less cementitious than the original cementing C-S-H gel. l3 C-S-H tends to liberate more lime to raise the pH and to establish its equilibrium. This process is known as decalcification of C-S-H. The Mg(OH)z formed in equation (2) reacts further with hydrosilicates, thereby producing magnesium-silicate-hydrate (M-S-H), which is non cementitious and has no binding properties. 13,15. It is reported that when compared with Portland cement, blended cements perform better in a sulphate environment.
Z , 4, 6 The advantages claimed are: (a) be cause of the llozzolanic reaction the consumlltion of portlandite [Ca(OH)zJ reduces the formation of gypsum; (b) the formation of secondary C-S-H leads to the densification of pore structure thus reducing the per meability of sulphate ions; and (c) ordinary Portland cement (OPe) is replaced by a pozzolanic material entailing a reduction of C 3 A content (dilution effect) which reduces the aluminate-bearing phases by as much as 30% by weight of the cementitious material. Even if ettringite is formed it becomes less expansive because of the reduction of pH. Hence the sulphate resistance values of blended cements are due to both pozzolanic as well as dilution effects.
While reviewing the literature, it was found that the studies on the sulphate resistance of blended cements had been carried out in sodium and magnesium sulphate solution using paste, mortar and concrete. 3 -7 ,16--18 These studies have varied replacement level of mineral ad mixture, chemical composition of fly ash, sulphate concentrations, test conditions and evaluation criteria. The chemical analysis of composite cement does not yield a satisfactory estimate of its sulphate resistance. In addition to this, the pore structures of different concrete mixes have different effects on their resistance to sulphate when compared with paste and mortars. Hence there is a need to understand the mechanism of magne sium attack on blended cement-added concretes under laboratory test conditions.
In the present investigation, the effect of wlc ratio and the influence of cement type and cement content of concrete on magnesium attack were investigated in 10% MgS0 4 solution. The rate of deterioration was assessed by measuring the change in resistivity and compressive strength. The ettringite and gypsum for mation was identified using differential thermal analy sis (DTA). The overall porosity of the concretes was determined by measuring the coefficient of water absorption.
Materials
Ordinary Portland cement (OPC; grade 43) conform ing to IS 8112 19 (equivalent to ASTM CI50 Type I cement), Portland pozzolana cement (PPC; fly ash based) conforming to IS 1489-Part I ZO and Portland slag cement (PSC) conforming to IS 455 z1 were used. In pozzolana and slag cements, Portland cement was blended with 25% fly ash and 50% slag respectively. Well-graded river sand and good quality crushed blue granite were used as fine and coarse aggregates respectively. The different size fractions of coarse aggregate (20 mm down-graded and 12·5 mm down graded) were taken in order to get a dense concrete. The sand was sieved through 4·75 mm to avoid the presence of pebbles. The physical characteristics of the coarse and fine aggregate used are given in Table I . Potable water was used for the casting concrete speci mens. The 2G, 3G and 4G MPa concretes were designed as per the recommendations of ACI.211-91. 22 The detailed mix proportions used in this investigation are given in Table 2 . In each of the grades, the proportions were kept constant for OPC, PPC and PSC concretes.
• Specimen preparation and method of exposure
Concrete specimens (100 mm cubes) were cast. After 24 h, the specimens were demoulded and kept im mersed in the curing tank for 28 days. After 28 days, the specimens were removed from the curing tank and were kept immersed in 10% MgS0 4 solution in such a way that they should not touch each other. The ratio of the volume of the solution to the volume of the specimen was kept at 4 : I. During exposure the pH of the solution was between 7 and 8·5. The solution was renewed once in 3 months. At the end of 6, 9, 15 and 21 months, the specimens were tested for change in resistivity and compressive strength.
Measurements

Visual appearance
The progress of deterioration due to sulphate was assessed by visually examining the surface of the concrete specimens at the end of each exposure period for the presence of cracks, softening, corner attack and edge failure.
Electrical resistivity
The electrical resistivity of concrete is an important parameter, which can be related to various other aspects such as strength, porosity and deterioration. The reason is that resistivity is the parameter characterising pore connectivity. Hence its measurements are an interesting way to assess concrete durability from the point of view of assessing the transport properties. 23 The advan tage of this method is that it is non-destructive. It is well-known that a concrete cover offers protection from deterioration because of its high electrical re sistance. 24 . 25 Stratfull investigated in detail the variation of resistivity with deterioration of concrete. 26 It has also been reported that the resistivity of concrete decreases as the deterioration increases. In the present study, a four-probe resistivity meter based on the wenner-probe principle was used.n 29 This produces frequency-independent resistivity measurements. The electrodes of the resistivity meter were in the form of spring-loaded 3 mm dia. probes of copper rod sur rounded by wetted sponge. The spacing between the electrodes was adjustable; however, for the present study, the spacing (a) was maintained at 25 mm. A known current f is impressed on the outer probes and the resulting potential drop V between the inner probes was measured. The resistance R is given by V/1. From this, the resistivity can be calculated as
Four measurements were taken on each side of the cube (avoiding the cast and bottom faces of the cube), and then averaged to obtain a mean value. During the measurements, the contact surfaces of the probes were maintained in a moist state to ensure good electrical contact with the concrete surface. By applying the four probes to the concrete surface, the resistivity of concrete up to 25 mm was displayed on the meter. The resistivity was measured at the end of 6, 9. 15 and 2 I months.
Compressive strength
To assess the deterioration due to sulphate attack, the change in compressive strength of the cubes after a scheduled immersion period in 10% MgS0 4 was carried out in conformity with IS specification 516. 30 The rate of deterioration at the end of 6 and 9 months in sulphate solution was assessed by comparing the corresponding compressive strength of cubes kept immersed in water at the end of 6 and 9 months. For 15 and 2 I months, the compressive strength at the end of 12 months in water was used for comparison. Duplicate specimens were tested and values obtained for each time period.
DTA analysis
After testing the compressive strength at the end of 9 and 15 months, the samples from the top layer up to 3 mm depth of the specimen were taken and powdered in silica mortar and sieved through a 75 Jim sieve for DTA analysis. DTA was done using a Polymer Labora tories (UK), Thermal Science Division, STA 1500 thermal analyser. It has a balance with a resolution of 0·01 mg. A Type 'R' thermocouple (Pt-13% RhlPt) was used for temperature measurement. The sample was taken in a ceramic crucible and heated from room temperature to 600°C at a heating rate of 20°C/min using air as the medium under static conditions.
Water permeabilitv studies
The permeability of concrete is a measure of the rate at which a liquid will pass through it. It depends upon its pore network, which arises from the excess water used during mixing and the initial hardening process. The permeability can be measured by conducting water permeability test as per standard, percentage of water absorption test and initial surface absorption tests. In the present study, the overall porosity was deter mined by the percentage of water absorption. It meas ures the pore space in the material indirectly. This was done as per procedure given in ASTM C 642-90 by oven-drying method. 33 For this test, 100 mm X 100 mm X 100 mm size concrete cubes were cast in duplicate. After demoulding, the specimens were kept immersed in water. The experiment was conducted at 49 the end of three curing periods; namely 7, 28 and 90 days to evaluate the effect of curing on overall porosity. At the end of each curing period, the specimens were taken from the curing tank and air-dried to remove the surface moisture. They were then dried in an oven at a temperature of 100 ± 10°C for 48 h and allowed to cool to room temperature. At this stage, the weights of the specimens were measured to an accuracy of I g using a digital balance. The specimens were then kept im mersed in water for I h and the increase in weight was measured. The coefficient of water absorption was calculated from this using the following formula
where K a is the coefficient of water absorption (m 2 /s); Q is the quantity of water absorbed by the oven-dry specimen (m 3 ); A is the total surface area of the concrete specimen through which water penetrates (m 2 ) and t is the time (s).
The coefficient of water absorption was calculated for each curing period.
Results and discussion
Visual appearance
The progress of deterioration, which was assessed by visual appearance, indicated that at the end of 6 months, slight attack on the comers and edges was only observed on 40 MPa-PSC concrete. Subsequently at the end of 9 months of exposure, small cracks were observed at the edges for a length of 8-10 cm. In the 30 MPa-OPC and PPC-added concrete, moderate attack on the comers and edges was observed. Extensive cracks along the edges throughout the length of the specimen were observed in the 40 MPa concrete at the end of 15 months of exposure but their cores were still intact. The 20 MPa concrete did not show any sign of deterioration even up to 21 months of exposure whereas the 30 and 40 MPa concretes showed severe cracking on all edges. Figure 1 compares the change in resistivity of three cements in 20 MPa concrete with exposure period. It can be seen that in OPC concrete, the resistivity value increased from 27 kQ cm up to 9 months and thereafter it decreased to 20 kQ cm at the end of 21 months. The decrease in resistivity value indicates the deterioration of concrete due to sulphate. In the case of PPC concrete, initially the value was 38 kQ cm and this increased to 48 kQ cm and this value was maintained until the end of the exposure. Similarly in PSC con crete, the resistivity increased from 38 to 56 kQ cm. The increase in resistivity value indicates the concrete had not deteriorated very much due to sulphate. In PPC and PSC concrete the resistivity values are more than the value for OPC concrete. An increase in resistivity has been reported in fly ash, slag, blended concretes with curing and the values were greater than the plain cement concrete. 34 ,35 In 30 MPa concrete (Fig. 2 ) the value for OPC decreased from 51 to 24 kQ cm with exposure indi cating that the concrete had shown deterioration from the beginning of the exposure. In PPC concrete initially the value was 33 kQ cm and it increased to 55 kQ cm up to 15 months and thereafter decreased to 42 kQ cm at the end of 21 months. In PSC concrete, the value increased from 40 kQ cm and attained a value of 59 kQ cm at the end of the exposure. The results indicate that the decrease in value was more in OPC concrete than in PPC and PSC concrete.
Electrical resistivity
Similarly in 40 MPa concrete ( . .,5 ..i:: 00
..<::
value was reduced to 30 kQ cm from an initial value of 43 kQ cm whereas in the case of PPC and PSC con crete the value increased to 58 kQ cm at the end of the exposure having increased from an initial value of 40 kQ cm. From the above discussion it can be inferred that the decrease in resistivity value indicates the process of deterioration in concrete and this was only observed in OPC concrete. It can also be seen that the deterioration started earlier in the 30 and 40 MPa concrete than in the 20 MPa concrete. In 20 MPa concrete, it can be seen that up to 15 onths all the three cements show a greater increase in compressIve strength in those immersed In sulphate solution than in water. The initial increase in compres sive strength was mainly contributed by the densifica tion of the pore structure by the precipitation of hydrated cement products as well as expansive products such as gypsum and ettringite within the voids and micropores. Hekal et al. have also reported a similar observatioQ. in cement pastes due to magnesium sulphate. 36 . At the end of 21 months, OPC cement showed an 8% reduction In compressive strength whereas PPC and PSC cement showed increases in compressive strength of 13 and 6%, respectively. This indicates that after 15 months, sulphate attack had become more dominant, leading to the formation of micro-cracks and this decreased the strength in the OPC concrete. In the case of blended cement concrete, sulphate attack was not initiated because of the reduced diffusion of sulphate ions. The increase in resistivity value in PPC and PSC concrete also confirms this.
Compressive strength
In 30 MPa concrete, OPC cement showed 11·32% reduction in compressive strength in specimens Im mersed in sulphate solution compared with water at the end of 6 months and deteriorated further before improving to finally show a reduction of 11·32% at the end of 21 months. In PPC cement an increase in strength was observed up to 6 months followed by a reduction to a value of II· 76% at the end of 21 months. PSC cement showed an Increase In compressive strength up to the end of the exposure. It is well known that all the deterioration phenomena are directly related to the permeability of concrete, which is inversely proportional to the w/c ratio. However, the results indicate that reducing the w/c ratio tends to aggravate the sulphate attack. That is, if the w/c ratio reduces from 0·67 to 0·54 the percentage reduction of compres sive strength increases from 8·11 to 17·8%. The inferior performance of low w/c ratio concrete IS mainly 
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attributed to the dense micro-structure, which could not accommodate the formation of expansive reaction products such as gypsum and ettringite as the concrete has a high w/c ratio and this causes cracks at a very early stage. Similar results indicating the poor perform ance of low w/c ratio concrete in magnesium sulphate have been reported in the literature. ll ,37-41 The trend observed in compressive strength was also confirmed by a decrease in resistivity values obtained in the resistivity measurements. However, the results of long term exposure of low and high w/c ratio concretes in MgS0 4 solution can only reveal the ultimate behaviour.
Similarly in 40 MPa concrete, which has a lower w/c ratio (0-42) than the other two concretes, all the cements showed a reduction of compressive strength from 6 months onward. When compared with OPC cement, PPC and PSC cement showed greater dete rioration at the end of 9 and 15 months. The reduction in compressive strength was greater in PSC than ppe. This was not observed in the 20 and 30 MPa concrete. In the literature it is reported that this was not observed when concrete was subjected to sodium sulphate attack.42 However, Stark 43 reported little or no im provement or lesser durability of fly ash-added concrete at higher cement content when concrete was exposed to sodium sulphate-contaminated soil. Rasheeduzzaffar 13 also reported that under magnesium sulphate attack silica fume and slag-added concrete showed inferior performance in terms of strength reduction in compari son with plain cement. However, in the resistivity measurements the value increased in PPC and PSC concrete, which indicates that the deterioration was only on the top surface and progresses with time into the core matrix of the concrete.
From the above discussion it can be inferred that in 30 and 40 MPa concrete, which have a greater cement content and low w/c ratio. the pozzolanic and dilution effect of blended cements are not very significant and for this reason they behaved in a similar manner to OPC cement. Vedalakshmi et a/. 44 reported that in comparison with 20 MPa concrete, the higher cement content and low w/c ratio, which densifies the pore structure in 30 and 40 MPa concretes, might also be restricting the pozzolanic reaction.
Thermal analysis
After 9 months of exposure. The formation of expansive products such as ettringite and gypsum was identified by DTA curves at the end of 9 and 15 months. Figs 4-6 compare DTA curves of three cements after 9 months of exposure for 20, 30 and 40 MPa concrete, respectively. The DTA plots show endothermic peaks at 80-100°C and II 0-130°C which denotes the dehydration of ettringite and gypsum respectively.4.45-47 An endothermic peak around 460°C indicates the dehydration of Ca(OH)z.
From Fig. 4 , it can be observed that in 20 MPa concrete, OPC cement only shows an ettringite peak whereas PPC and PSC cements show both ettringite and gypsum peaks. In OPC, which has a higher C 3 A content, all the gypsum formed is converted into ettringite and this is denoted by the high intensity of the peak. In the case of blended cements the intensity of the ettringite peak is weak in comparison with OPC concrete because of reduction of C 3 A content (dilution effect), but the gypsum peak is strong. In 30 MPa concrete (Fig. 5 ) only an ettringite peak is observed for all the cements. In this concrete, the cement content was greater and hence the available C 3 A content was also greater. Thus, the expansive product was only ettringite. In the 40 MPa concrete (Fig. 6) , the intensity of the ettringite peak was greater in PPC than Ope. In PSC both ettringite and gypsum peaks were present. The intensity of both peaks was less in the 30 and 40 MPa concretes than in 20 MPa concrete indicating that the formation of gypsum and ettringite was less in these concretes. Although these products could not be accommodated in the dense pore structure they lead to more micro-cracks. This causes a greater reduction in compressive strength in 30 and 40 MPa concrete than in 20 MPa concrete.
After 15 months of exposure. Figs 7-9 shows the DTA curves of the three cements at the end of 15 months of exposure for the 20, 30 and 40 MPa concretes, respectively. Fig. 7 shows that only a gypsum peak was observed in all three cements for the 20 MPa concrete. The intensity of the peak is greater in comparison with that observed at the end of 9 months of exposure. This indicates that all the C 3 A phases reacted and gypsum formation was the only expansive product, and this densifies the pore structure and causes an increase in compressive strength. In OPC concrete there was no endothermic peak at 462°C, which indicates that. with exposure, all the Ca(OHh that was formed reacted with the sulphate ions.
In both ettringite and gypsum peaks were observed. As there was a higher cement content in these concretes, the C 3 A content was greater and this caused the formation of both expansive products. These could not be accommodated in the dense pore structure and caused a greater reduction in compressive strength. It has been reported in the literature 36A3 that in blended cements, due to the absence of calcium hydroxide, which is consumed by the pozzolanic reaction, magne sium ions reacted directly with the C-S-H leading to the formation of M-S-H and this contributed to the aggravated deterioration. However, in the present study the expansive products were only ettringite and gypsum and this was confirmed by DTA analysis. Hence the mechanism of attack by magnesium sulphate ions is similar to that of sodium sulphate ions in both the blended and plain cements. The inferior performance of blended cements is mainly because they have a denser pore structure than OPC cement. The curves also reveal that as the exposure period increases, the intensity of the gypsum becomes more than ettringite and this indicates that, with prolonged exposure, gyp sum formation will be the only expansive reaction.
From the above discussion it can be inferred that the reduction of compressive strength in low w/c ratio concrete is more than in high w/c ratio concrete and this is mainly because of its dense pore structure.
Water permeability studies
The coefficients of water absorption in 20, 30 and 40 MPa concretes are given in Table 4 . In general, the PPC and PSC concretes had lower coefficients of water absorption than OPC concrete, and the coefficient also decreased with increasing strength of the concrete. Thus in all the curing periods, the coefficient of water absorption in blended cement concrete was less than in OPC concrete. Hence the reduced permeability of PPC and PSC concrete was mainly due to densification of pore structure by the formation of additional calcium hydrates. 
Conclusions
(a) The decrease in resIstivIty value indicates the deterioration of concrete due to sulphate attack. The measurements were very well correlated with the compressive strength measurements and so this could be used in the field as a non-destructive method to measure the deterioration of structural components. (b) In low-strength concrete (high wlc ratio), which accommodates gypsum formation in its pore struc ture, this densifies and causes an increase in compressive strength with exposure period. In this concrete, blended cements show more resistance than OPC cement because of the pozzolanic and dilution effect. (c) In medium-strength concretes (low wic ratio) which, because of their dense pore structure, could not accommodate the ettringite and gypsum formation this leads to micro-cracks. This causes a decrease in compressive strength with exposure period. In these concretes the pozzolanic and dilution effect of blended cements were not very significant and so they did not show any greater increase in resistance than OPC cement. (d) DTA analysis confirms that in low-strength concrete, which has low cement content (low C 3 A content), the expansive product is initially ettringite and gypsum and later it is only gypsum. (e) The coefficient of water absorption is less in blended cement concrete than in OPC concrete and is reduced further with increasing curing period and strength of concrete.
